Abstract: Knowledge of physical properties and phase equilibria is necessary for the design and optimization of the equipment for the production of distilled alcoholic beverages. In this paper the temperature dependence of the excess molar volumes of the ternary system ethanol + water + 1-pentanol in the temperature range 228.15 -323.15 K and atmospheric pressure, are presented, due to the importance of 1-pentanol among the flavour compounds contained in this type of beverages. The excess molar volumes are negative over the whole homogeneous composition range, but tend to positive values towards the binaries ethanol + 1-pentanol and water + 1-pentanol. Because the design of current processes is strongly computer oriented, consideration was also given to how accurate the predictions of the SRK equations of state are. Different derived properties were computed due to their importance in the study of specific molecular interactions.
INTRODUCTION
Knowledge of the thermodynamic properties and phase equilibria of ethanol, water and the different flavour components in distilled alcoholic beverages is of practical interest to the food technology since the applied industrial procedures are closely related to their temperature and pressure dependence. In accordance to this, in the last few years, a considerable effort has developed in the field of thermodynamic properties although a great scarcity of data is observed in the open literature for mixtures present in alcoholic beverages. Such properties are strongly dependent on the hydrogen-bond potential of hydroxyl groups, chain length and isomeric structures, as well as the molecular packing. Due to the different origin of the grapes, thermal conditions of the fermentation chemical reactions and the com-plexity of the composition and molecular chains of the components, currently a considerable lack of accuracy and thermodynamic consistency in the available open literature data can be observed. Simulation and optimization are not used in a proper manner in this matter, an overestimation of the equipment or high energy-consuming conditions usually being applied due to inaccurate calculations. The difficulties encountered in simulation in these types of processes have been commented upon previously. 1 With the scope of investigations of the physical properties related to equipment design of distilled alcoholic beverages processes, as well as energy optimization and quality and flavouring ensurement, the temperature dependence of the excess molar volumes of the ethanol + water + 1-pentanol system in the temperature range 288.15 -323.15 K at atmospheric pressure as a function of the molar composition is presented in this paper, as a continuation of previous papers. The experimental heterogeneous region has been studied previously as a function of temperature, 2 hence only the volumetric trend of the homogeneous region is encompassed in this study. From the experimental values, the excess molar volumes were computed and a temperature dependent Cibulka type polynomial fitted to the results. 3 On the basis of the experimental measurements of such data and the fact that current process design is strongly computer oriented, consideration was also given to the applicability of the SRK equation of state. Previously published data of the binary mixtures encompassed in the studied ternary mixture were used to calculate the Soave-Redlich-Kwong (SRK) 4 binary interaction parameters for prediction of the ternary trend. The temperature and functional dependence of the partial molar quantities, excess isobaric expansibility and isothermal coefficient of pressure excess molar enthalpy are analyzed and commented upon in terms of steric hindrance and molecular interactions. The use of binary interaction parameters of cubic equations of state was shown to be a simple and accurate procedure 5 to predict multicomponent excess trends and compute the derived multicomponent excess functions of different thermodynamic magnitudes, but their applicability to mixtures of intense interaction and partial miscibility may be severely limited if the ternary contribution is considerable, as in this case.
EXPERIMENTAL
All chemical solvents used in the preparation of samples were of Merck quality with purity better than 99.5 mol%. The pure components were stored in the dark at constant humidity and temperature. In order to reduce errors in the mole fraction, the vapour space in the vessels was minimized during preparation of the samples. Mixtures were prepared by mass using a Salter ER-182A balance, the whole composition range of the ternary mixture being covered. The obtained accuracy in molar fractions was higher than ± 5´10 -4 . The densities of the pure components and their mixtures were measured with an Anton Paar DSA-48 vibrational tube densimeter and sound analyzer, with a resolution of 10 -5 g cm -3 and 1 ms -1 . The apparatus was calibrated periodically in accordance with the vendor instructions using a double reference (Millipore quality water and ambient air at each temperature). The accuracy in the calculation of the excess molar volumes was estimated to be better than ± 2´10 -2 cm 3 mol -1 and the temperature of the measurement to ± 10 -2 K. The experimental and literature densities of the solvents are given in Table I . More details about the employed techniques and procedures can be obtained from a previously published work. 6 The excess molar volumes of the ternary mixture were computed applying the following eqauation:
where r is the density of the mixture, r i the density of the pure component i, and x i is the molar fraction of i. N is the number of components in the mixture. The densities of the mixture and excess molar volumes are given in Table II as a function of temperature. The computed excess molar volumes of the binary mixtures were fitted using a temperature dependent Cibulka expression. 3 This equation was used to correlate the ternary derived properties of the mixtures, by using the unweighted least squares method, i.e. all experimental points were weighted equally. The necessary binary fitting parameters of the encompassed binary mixtures were computed in a previous paper. 4 The parameters were calculated using a non-linear optimization algorithm according to Marquardt. 7 The ternary derived magnitudes were fitted to the equation:
where the binary magnitudes DQ ij were correlated by means of the Redlich-Kister equation. 8 (Eq. (3))
and D 123 , the ternary contribution was fitted by means of Eq. (4). DQ ij is the excess property, A pq are the temperature dependent parameters for the binary mixtures and T is the absolute temperature. These parameters were obtained by the unweighted least squares method applying a fitting algorithm as commented above. S and U are the degrees of the polynomial expansion, which were optimized by means of the Bevington test. 9 In order to obtain generalized parameters, a temperature polynomial expansion was applied.
where R is the universal gas constant. Every B i ternary parameter is a function of temperature as expressed in Eq. (5)
The values W, the limit of expansion of the series, were selected in order to minimize the root mean square deviations. The ternary parameters of Eq. (5) and the corresponding root mean square deviations are given in Table III . The root mean square deviations were computed using Eq. (6), where z is the value of the excess property, and n DAT is the number of experimental data points.
We are not aware of the existence of the physical property data of this system in the earlier literature. The excess molar volumes of each ternary mixture at 298.15 K as a function of molar fractino are shown in Fig. 1 . This system shows a negative trend at all experimental compositions and temperatures. A slight decrease of this trend (expansive behaviour) is shown towards the binaries ethanol + 1-pentanol or water + 1-pentanol. 4 Only expansion is observed in the vicinity of these binaries due to packing difficulties of the polar molecules among the aliphatic end of 1-pentanol. Not surprisingly, the lowest excess molar volumes were exhibited by the binary mixture ethanol + water, this effect being smaller as the temperature increases, due to diminishing potential of H-bond formation. A fact to be pointed out is the huge ternary contribution exibited at high concentrations of 1-pentanol (80 % of the total value). The ternary contribution is expressed in accordance to the Cibulka equation as calculated using Eq. (4). The results are shown in Fig. 2 , from which two clearly differing trends can be seen a huge negative tendency when the concentrations of ethanol and water are small and slight positive near the binary ethanol + water due to the non-tolerance of the aliphatic end of the large alcohol in the neighboutrhood of this binary mixture. This positive contribution of the ternary part increases with increasing temperature due to dispersive forces among the aliphatic ends.
DERIVED PROPERTIES
A frequently applied derived magnitude for industrial mixtures is the temperature dependence of volumetry, which is expressed as the isobaric expansibility or thermal expansion coefficient (a). The data reported in the literature usually give only values of thermal expansion coefficients of both pure compounds and their mixtures, showing the relative changes in the density, calculated by means of (-Dr/r) as a function of temperature and assuming that a remains constant in any thermal range. As in the case of pure chemicals, a molar fraction can be computed using the expression: 
which takes into account the temperature dependence of the density. However a more interesting contribution is made to the field of properties in liquid mixtures if this calculation is done taking separately the partial contributions of the thermal expansibilities of each component in the mixture, as well as that due to non-idealiy in the mixture. To this aim, the basic expression of the excess thermal expansion is as follows. 6 a E = a -j a
where
where j i is the volume fraction of the components in the mixture; this propery can be described as the variation of density with respect to the property at such a condition with temperature due to the non-ideality of the mixture. The values of the excess isobaric expansibility computed from the measured densities are also given in Table II . The excess isobaric expansibility of the ternary mixture is shown in Fig. 3 . This manuscript) in an alternative form; namely, the quantity z could be replaced by the molar fraction x. This procedure is a simple way to visualise ternary representations in an-xy diagram. In Fig. 3 two indicative facts are observed: first the influence of temperature, which changes the negative values for the highest temperature towards positive values at the lowest one, secondly, a clear increasing tendency towards the binary water + 1-pentanol system can be observed.
The isothermal coefficient of pressure excess molar enthalpy can be derived accurately from volumetric measurements by application of the following expression:
This magnitude stands for the dependence of the excess molar enthalpy of mixing with pressure at a fixed composition and temperature. This magnitude exhibitis an inversion of sign as a function of composition for the higher temperatures, gathering negative values in the other cases. In terms of composition, the proximity of the binodal curve near 1-pentanol shows the lowest values of the isothermal coefficient of pressure excess molar enthalpy. Partial molar quantities are important in the study of the dependence of an extensive property on phase composition at a constant pressure and temperature, a trend being shown with composition. The partial excess molar volume of a component in a multicomponent mixture can be computed from excess molar volume data by means of: )
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taking into account that the excess volumes have been correlated by Eq. (2), thus the parameters reported in Table III were used. The limiting pure partial excess molar volumes should be determined by considering infinite dilution in Eq. (11); such limiting values depend only on the correlation parameters. The values of the limiting pure partial excess molar volumes for the ternary system at different temperatures are given in Table IV . In this ternary system, it can be observed that for compositions rich in 1-pentanol, the magnitude of the partial excess volume decreases because of the strong effect of ethanol. This magnitude (positive limiting values) also decreases for higher temperatures. However, in the ethanol + water system, the opposite trend was observed, this magnitude is slightly dependent on temperature. In the last few years, interest in equations of state for the correlation and prediction of thermodynamic properties (excess molar volumes, partial excess and partial molar volumes, phase equilibria, excess molar ethalpies, etc.) has increased. This fact is due to their simplicity as models, low data requirements and versatility in operational conditions. A considerable number of equations of state are available in the literature, most of them being adequate to obtain acceptable results by simple rules if the parameters are obtained from binary mixtures encompassed in multicomponent system. In this case, the Soave-Redlich-Kwong (SRK) equation was applied to a and b. For a binary mixture, at constant p and T, the excess molar volume is expressed as follows:
where the partial derivatives and the molar volume are obtained from the selected equation of state. The parameters a and b are given by the following mixing rules: Despite of this, accuracy of the correlation of the experimental data, prediction of the ternary values fails mainly due to two facts: firstly the liquid-liquid split in the proximity of the binary water + 1-pentanol leads us to apply only the binary parameters of the equation of state corresponding to the other homogeneous binaries contained in the ternary mixture; secondly, the huge ternary contributions (Fig. 2) , which is not taken into account in the ternary prediction (more than 50 % sometimes) produce inaccuracies in the calculations at each temperature. These two facts lead to strong understimations of the negative excess molar volumes and high deviations for all mixing rules. The necessary data for the calculations were taken from the open literature (Table V) . In general, excess volumes depend mainly on two effects: a) the variation of the intermolecular forces when two components come into contact and b) the variation of the molecular packing as a consequence of the differences in the size and shape of the molecules of the components. In ternary systems, complex interactions occur, steric hindrance and geometrical factors being of key importance to the understanding and prediction of excess magnitude of the multicomponent. In the studied system, the intermolecular associations via H-bonding by ethanol and water, were also observed for 1-pentanol, which shows relative hindrance and slightly polar interactions due to the hydroxyl group being partially deactivated. Ternary contribution of a different character attaining to the 1-pentanol composition is the cause of the observed huge negative values around the equimolar pseudobinary ethanol + water system; this packing, not surprisingly is sensitive to the tempera- ture, a diminution of this attraction being noted when the temperature increases. The liquid-liquid split observed (around water + 1-pentanol compositions) agree with this interpretation; a diminution of the ethanol content destroy the tridimensional structure of the polar molecules and produces a separation into an aqueous and an organic phase. In Figs. 1 and 2 , the split zone is of slightly positive excess molar volumes or low negative values, although it is not encompassed. The opposite role of the short hydroxylated solvents and 1-pentanol is clearly noted by means of the data given in Table IV , where the limiting partial excess molar volumes are shown. Strong positive values were computed for the binary ethanol + 1-pentanol, in both cases with a slight dependence on temperature. The analysis of excess expansibility and isothermal coefficient of pressure excess molar enthalpy reveled a higher sensitivity of the pseudobinary of ethanol + water with temperature and a change in the slope of the derivation of the excess molar enthalpy as a function of temperature.
As commented above, despite accurate descriptions of the binary mixtures by the equation of state (see Fig. 5 for the binary ethanol + 1-pentanol), a low capability for prediction was obtained, due to the huge ternary contribution with respect to the total value of the excess molar volume and the lack of parameters for the binary water + 1-pentanol. According to the obtained results, it is necessary to apply more robust mixing rules (non-quadratic, excess Gibbs energy dependent rules, etc.) for a description of these complex systems (high non ideality, phase split, etc), poor predicting results being obtained when the interactions among the three different molecules take place, due to this approximation not being considered in the structure of the applied combination mixing rules. The important non-ideality and the considerable ternary contribution support the idea that similar effects will be observed when the addition of other key components is made to mixtures containing ethanol and water. This intense interaction produces large deviations from ideality resulting in great difficulties during modelling and simulation. Nowadays, the implementation of adequate mixing rules and a suitable description of the temperature dependence attractive term (a(T)) parameter for partially miscible, highly-non ideal multicomponent mixtures is being studied in our laboratory for application to high order multicomponent cases, which are related to mixtures of ethanol + water + key components (congeners), of interest in studies of the distillation of alcoholic beverages.
